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INTRODUCfION 
Ceramic materials offer low weight, high temperature stability, good wear resistance and 
good hardness, and are thus becoming increasingly important materials in high temperature 
applications such as heat engines, heat shields and aerospace leading edge structural compo-
nents. Ceramic materials tend to be brittle in nature, however, and their mechanical proper-
ties are sensitive to many types of flaws which can be produced in manufacturing. These 
flaws are currently difficult to detect with nondestructive techniques, and have thus re-
mained poorly characterized.1,2 For this reason, new NDE methods are needed to help 
enable the large-scale implementation of ceramics, and overcome the poor reliability and 
reproducibility common to current ceramic manufacturing processes. 
We are exploring new nuc1ear magnetic resonance (NMR) imaging techniques ulti-
mately directed at characterizing critical flaws in ceramics, but also with more general 
application to the characterization of the porous structure of these materials.3 In this paper, 
we present techniques based on observing agas imbibed into the ceramic. Open porosity, a 
necessary criteria for these techniques, is often of fundamental importance to ceramic 
manufacturing. During the early stages of most manufacturing processes, the ceramic must 
necessarily have open porosity to allow evolution of gases. The densification of this porous 
network is a critical process for determining the final properties of the ceramic. Other 
processes, such as chemical vapor deposition techniques, rely by nature on open porosity. 
Finally, many c1asses of ceramics, inc1uding ceramic foams, sensors and filters, rely on the 
porosity as a fundamental design property. Unlike other NDE schemes, NMR techniques 
are not inherently affected by the sampIe thickness or geometry, and can potentially be 
applied throughout the various stages of manufacture. Thus, NMR imaging of imbibed 
fluids promises to provide detailed nondestructive characterization of these materials. 
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NMR imaging has proven to be highly versatile and robust in medical and biological 
studies, due to the multiple physical and chemical mechanisms which can be used to opti-
mize the contrast in the image. Typically, the signal, S, observed in an NMR imaging 
experiment can be expressed as: 
(1) 
N is the number density of nuc1ear spins, y is the gyromagnetic constant for the nuclei being 
observed, 1T is the repetition time of each experiment, and 't is the echo time internal to the 
experiment. The spin-Iattice relaxation time Tl controls the rate at which experiments can 
be repeated. The spin-spin relaxation time T 2 limits the duration of each individual experi-
ment. 
An advantage of using imbibed gases in ceramics compared to imaging nuc1ei in the 
cerarnic itself is the relatively long T 2 values of the gases (typically > 10 ms as compared to 
< 50 ~s for solids). Since T2 is large, conventional NMR imaging techniques such as spin-
echo and gradient-echo Fourier transform (PT) imaging and slice selection and other volume 
selective techniques can be used. 
The diffusivity, D, ofthe gas has more specific interest for this paper. In equation 1, the 
nuclei being observed are assumed to be stationary in the applied magnetic field gradient G, 
which encodes the spatiallocation. Free diffusive behavior of the nuclei in an NMR echo 
experiment produces a signal:4 
The large value of D for the gas enables us to make ')G and't large enough to severely 
reduce signal from the bulk gas. For gas nuc1ei confined to a pore having a dimension d 
smaller than the average translational displacement during the experiment, &- = ...J6D't, the 
effective diffusivity of the gas is reduced, D' < D, and the signal will be retained. This 
change in effective diffusivity generates useful contrast with C2F 6 gas for pore sizes 
between - 10 and 80 ~m. 
(2) 
Other NMR imaging studies of ceramics have involved imaging tracer liquids imbibed 
within the ceramics.5 Use of gases provides an alternative having as a primary advantage 
noninvasive, quick introduction and expulsion of the gas. The gas lends to simple contrast-
ing for pore dimensions> 10 ~m. The primary disadvantage of using agas is the loss of 
sensitivity as compared to using liquids; however, adsorption and efficient spin-lattice 
relaxation of the gas in the ceramic lead to better sensitivities than expected from density 
considerations alone.3 
We have implemented methods of Cory and Garrowaf for statistically characterizing 
many small pores. By combining NMR imaging and translation al displacement measure-
ments, in a manner similar to Callaghan and Xia,7 detailed information about small-sized 
pores (to less than 1 ~m) should be obtainable. 
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EXPERIMENTAL MElHODS 
Pieces of ceramic matrix-ceramic fiber composites used in previous studies were used.3 
The composites are unidirectional, with ply thicknesses of -0.35 mm. The fiber and matrix 
compositions resemble mullite. The composite is -25% porous, and has 95 m2/g surface 
area. 
For the data shown in this paper, C2F6 was introduced into a 12 mm Pyrex tube contain-
ing a 6 mm x -5 mm x 100 mm ceramic composite piece. The composite pieces were 
oriented with the fibers aligned along the tube axis. The gas was then condensed with liquid 
N2 and sealed. Upon warming, both volumetric and NMR measurements give the gas 
pressure - 7 atm. For one sampie, the composite piece was left free standing, such that the 
gas was both inside the ceramic composite as weIl as outside. In another sampie, the com-
posite piece was potted with epoxy such that the gas was only within the ceramic. 
NMR images and diffusion measurements were performed with a Bruker MSL-300 
spectrometer (7 T field strength, 282 MHz for 19p) equipped with the Broker micro-imaging 
accessory. The NMR relaxation times of C2F6 have been characterized,3 with Tl = 50 ms 
and 500 ms, and T2 = 50 ms and 15 ms for the bulk gas and for the gas in the cerarnic, 
respectively, at - 7 atm, ambient temperature, and 7 T. 
RESULTS AND mSCUSSION 
We have found3 that images based on observing imbibed gas give usable images in - 20 
min (for 0.1 mm x 0.1 mm x 0.5 mm resolutions) and show directly large pores, delamina-
tions, and incomplete ply consolidation. Sensitivity is better than expected because of 
adsorption of the gas within the ceramic. Flaws can be effectively enhanced in size by 
utilizing methods that do not refocus magnetic susceptibility shifts. 
Figure 1 shows a spin-echo image obtained on a gas-imbibed composite cerarnic potted 
in epoxy. The 1.0 mm slice taken perpendicular to the fiber direction is resolved to 43 11m 
in-plane. Multiply connected delaminations can be seen emanating from two large surface 
cracks on opposite sides of the sampie. The width of the largest delamination indicates it is 
crossing plies at this slice. The mottled detail in the image is reproducible. Large flaws, 
such as the delaminations and cracks, allow the gas to diffuse far enough in the applied 
gradient field so that the signal from the gas in these regions is severely diminished; thus 
those regions appear dark. Gas contained in small connected pores, where translational 
diffusion during the 2.6 ms experiment is severely restricted, produce strong signals and 
thus show up as the bright regions in the image. For large features, the contrast is thus 
reversed from what would be expected from casual inspection based on density, and from 
that observed for liquids. 
A more detailed study ofthe susceptibility shifts is underway. We have implemented a 
method proposed by Mosher and Smith8 which can directly measure susceptibility shifts. 
This method consists of tagging the NMR image at equally spaced frequencies by using a 
DANTE train, which in the absence of susceptibility shifts would occur at equally spaced 
locations. As shown in the image of bulk gas shown in Figure 2(a), the tags are linear 
within the pixel resolution of the image. The width of the tags for this image is defined by 
truncation broadening; the sequence was kept short since 't must be kept small during the 
imaging experiment for bulk gas (see eq. 2). Figure 2(b) shows similar tagging applied to 
the same slice as that used for Figure 1. Surprisingly, the tags do not bend or smear when 
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Figure 1. Spin-echo image of C2F6 gas imbibed in apotted ceramic composite: 1.0 mm 
slice perpendicular to the fiber direction, 256 x 256 pixels with 43 Ilm resolution, the echo 
time 't = 4.6 ms. 
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Figure 2. DANTE tagging of C2F6 spin-echo images to show the influence of magnetic 
susceptibility: (a) C2F6 bulk: gas tagged with an 8-pulse DANTE train, 128 x 128 pixels 
with 110 Ilm resolution; (b) same slice as Figure 1 with a 32-pulse DANTE train. The 
tagging gradient was 21 G/cm. 
approaching the delarninations. Gradient-echo images, which do not attempt to refocus 
susceptibility shifts, do show susceptibility effects at the delarninations.3 Other areas of 
smearing of the tags in Figure 2(b) are apparent; note especially the horizontal tags at the 
lower right of the ceramic. The susceptibility effects at the delaminations must be present 
but quite localized. By modifying the size of the tagging gradients, we hope to better 
estirnate the size of the susceptibility shifts throughout the sampie. Defining the size of this 
effect is important, as susceptibility affects all our NMR images and the parameters derived 
from them. 
Simple consideration of the spin-Iattice relaxation times measured for bulk: gas (- 50 ms) 
and imbibed gas (> 300 ms) suggests Tl should be useful for mapping pore dimensions. 
The two images shown in Figure 3, taken of the sampie not potted in epoxy, demonstrate the 
ability to chang~ contrast using Tl. Figure 3(a) was obtained with a \ = 100 ms. By de-
creasing \, the irnbibed gas signal is reduced relative to the bulk: gas (see eq. 1), and there-
fore the image in Figure 3(b) was obtained with \ = 10 ms and a gradient-echo experiment 
that mirrors the image about a horizontal axis. We found that to reverse the contrast for gas 
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Figure 3. Images of e2F 6 gas imbibed in a free-standing ceramic composite to show the effect of Tl: 
(a) spin-echo image with ~ = 100 ms, 0.5 mm slice perpendicular to fiber direction, 128 x 128 pixels 
(showing 64 x 64) having 110 lJßl resolution, 't = 2.6 ms; (b) gradient echo image with 
~ = 10 ms, showing 32 x 32 pixels having 440 lJßl resolution. The gradient echo image in (b) is 
mirrored about a horizontal axis with respect to (a). 
in large flaws such as the delarninations, the gradient strength G had to also be decreased by 
a factor of four. These images suggest Tl should be a useful parameter for mapping pore 
dimensions, but not by straightforward repetition time dependent data. Inversion recovery 
experiments should work with phase sensitive data;9 we are working to implement these 
experiments. 
Another scheme to characterize the pore dimensions is to measure the translational 
movement of the gas within the pores. Cory and Garroway6 have shown that the transla-
tional displacements of fluids can be determined with experiments based on the pulse 
sequence shown schematically in Figure 4. In this experiment, the location of each gas 
molecule is encoded by the fIrst gradient pulse. During the time td, the molecule freely 
diffuses. The arnount of translational movernent along the gradient direction is reflected by 
the size of the echo formed at the end of the second gradient pulse. Fourier transformation 
of the resulting signal with respect to the gradient strength leads to an intensity distribution:6 
(3) 
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Figure 4. Schematic of a pulsed gradient spin-echo experiment for measurement of transla-
tional displacements. 
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the convolution of the density with the conditional probability of the gas diffusing a distance 
x in time td• 
Figure 5 shows the probability distribution functions for bulk and imbibed C2F6 0b-
tained with the pulse sequence of Figure 4. The gradient for these sets of data was applied 
perpendicular to the fiber direction. Since rOte is the conjugate variable in the Fourier 
transform, the spatial resolution, A"r' of the experiment without zero filling is: 
(4) 
where Gmax is the maximum gradient strength used. A"r = 28 and 14 Jlm for Figures 5(a) 
and 5(b), respectively. Both data sets give Gaussian probability distributions indicative of 
free diffusion. The full width at half-maximum, AxFWHM' of the distributions is plotted in 
Figure 6 as a function of the diffusion time, td. For a Gaussian probability function for free 
diffusion:6 
AxFWHM = 2[4 D' td In2] 1/2 . (5) 
Thus, from the slope of the lines, D' can be computed, and the values are shown in Figure 6. 
D' for the gradient applied along the fiber direction is - 50 % larger than for the gradient 
applied perpendicular to the fibers. This result suggests the porosity is elongated in the fiber 
direction, but we have not eliminated the possibility that convective flow may be influenc-
ing these measurements. 
D' for the imbibed gas gives a measure of the leakage of the gas in the porous structure. 
When td < d2/2D, where d is the pore dimension along the gradient direction, the gas does 
not experience multiple collisions with the pore walls and will have D' doser to that of the 
bulk gas. For td > d2/2D and closed porosity, D' = O. Thus, the non-zero intercept for the 
line fit for the imbibed gas is expected. The data shows linear behavior to td = 5 ms, so the 
pore dimensions are less than 6 Jlm, as expected for this large surface area sample. That the 
data show linear, free diffusive behavior indicates that statistically the sampIe consists to a 
very large degree of small pores that are weIl connected. We will combine these techniques 
into an imaging experiment to isolate regions of interest over which heterogeneities can be 
observed. 
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Figure 5. Translational displacements of C2F 6: (a) bulk gas, Gmax = 42 G/cm, te = 1 ms, and 
Axr = 28 Jlm; (b) gas in potted ceramic composite, Gmax = 42 G/cm, te = 2 ms, and ~ = 14 Jlm. 
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Figure 6. The fuH width at half maximum, AxFWHM, of the translational displaeements 
plotted as a funetion of the square-root of the diffusion time, td 1/2. 
CONCLUSIONS 
NMR imaging of gases imbibed into porous eerarnies shows flaws sueh as delarnina-
tions, large pores and poor ply consolidation, and ean also reveal information about pore 
dimensions smaller than the image resolution. Magnetic susceptibility effeets are important 
in these experiments, but appear to be quite localized. Spin-Iattke relaxation times, as weH 
as measurements of the translation al diffusivity of the gas should be useful for determining 
the pore dimensions. 
ACKNOWLEDGMENTS 
One of us (CGF) appreeiates support from the McDonneH Douglas Independent Re-
search and Development Program. Two of us (MJL and MSq were partly supported by 
General Electrie Aireraft Engines and were partly supported by NSF DMR 87-02847. 
REFERENCES 
1. R. F. Firestone, "NDE: Improving Reliability of Advanced Ceramies," Am. Ceram. 
Soc. BuH., 28'(6),1177 (1989). 
2. National Advaneed Composites: Strategie Plan, National Center for Advanced Technolo-
gies, AIAA, Deeember 1990, p. 185ff. 
3. M. J. Lizak:, M. S. Conradi and C. G. Fry, "NMR Imaging of Porous Media With Gas," 
1. Magn. Reson. (in press). 
4. A. Abragam, The Principles of Nuclear Ma~netism (Clarendon Press, Oxford, 1961), 
p.61. 
5. W. A. Ellingson, J. L. Ackerman, L. Garrido, J. D. Weyand, and R. A. DiMilia, "Char-
acterization of Porosity in Green-State and Partially Densified Alurnina by Nuclear 
Magnetic Resonance Imaging," Ceram. Eng. Sci. Proc., 8'<7-8),503-12 (1987). 
6. D. G. Cory and A. N. Garroway, "Measurement of Translational Displacement 
Probabilities by NMR: An Indieator of Compartmentation," Magn. Reson. Med. 14, 
435 (1990). 
661 
7. P. T. Callaghan and Y. Xia, "Velocity and Diffusion Imaging in Dynamic NMR Micro-
scopy," J. Magn. Reson. 21,326 (1991). 
8. T. J. Mosher and M. B. Smith, "A DANTE Tagging Sequence for the Evaluation of 
Translational Sampie Motion," Magn. Reson. Med.ll, 334 (1990). 
9. R. R. Ernst, G. Bodenhausen and A. Wokaun, Princip1es of Nuc1ear Ma&netic 
Resonance in One and Two Dimensions (Clarendon Press, Oxford 1987). 
662 
